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Abstract. The parametric interaction of an upper-hybrid pump wave with kinetic
Alfvén and electromagnetic waves that propagate in parallel and perpendicular
directions to the ambient magnetic field is investigated on the basis of two-fluid
magnetohydrodynamics. A nonlinear dispersion relation describing three-wave in-
teraction and instability growth rates are found. The theoretical results are used
for the interpretation of satellite observations in the magnetospheric plasma. It
is shown that as a result of the decay of an upper-hybrid wave, electromagnetic
waves propagating in both parallel and perpendicular directions to the ambient
magnetic field are generated. The instability growth rate is much higher in the
case of left-polarized electromagnetic wave generation than in the case of ordinary
electromagnetic wave generation. The nonlinear parametric processes studied here
could also take place during powerful bursts on the Sun, and in the magnetosphere
of Jupiter.

1. Introduction

Direct satellite measurements of wave fields have revealed a wide spectrum of dif-
ferent oscillations and waves in the near-Earth and interplanetary plasma. Gurnett
and Shaw (1973) and Kurth et al. (1979) reported the detection of low-frequency
electromagnetic waves with frequency slightly higher than the local electron Lang-
muir frequency. It was also found that a source emitting electrostatic waves with
frequency close to the upper-hybrid resonance frequency existed in the area of the
electromagnetic emission. Important results concerning wave processes in the iono-
spheric plasma were obtained during heating experiments (Stubbe et al. 1984, 1994).
The most interesting of these processes is the secondary electromagnetic emission
caused by powerful electromagnetic waves in the ionospheric plasma. Satellite mea-
surements show that upper-hybrid waves (UHW) are the most stable electrostatic
waves in the magnetosphere (Oya et al. 1990). Therefore, it is reasonable to assume
that UHW could be a possible source of electromagnetic emission in the magneto-
spheric plasma. Cascade decay processes involving UHW decay and generation are
possible during ionospheric heating experiments, and may lead to secondary electro-
magnetic emission as well as to cascading of stimulated electromagnetic emission.
Powerful sources of UHW also exist in the solar atmosphere. Charged particles are
accelerated to high energies during powerful solar bursts. Energetic particle flows
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are launched into the corona and then into interplanetary space. These flows can
generate UHW, which will generate electromagnetic emission. Parametric instabil-
ity is a possible source of millisecond solar radio bursts (Wang and Li 1991). It is
now widely accepted that s-radioemission of Jupiter is related to different plasma
instabilities of the particle flows in the Io—Jupiter magnetic tube (Smith 1978).
UHW can be generated as a result of flow instability evolution in the lo—Jupiter
magnetic tube. Then, the UHW can decay and generate electromagnetic emission.
Thus the transformation of UHW into electromagnetic emission is a widespread
phenomenon in space plasmas.

Nonlinear parametric processes in space plasmas are always of great interest,
and there are a number of publications devoted to them (Murtaza and Shukla
1984; Saleem et al. 1985; Yukhimuk et al. 1992; Stenflo and Shukla 1992, 1995;
Stenflo 1994; Yukhimuk and Yukhimuk 1994; Shukla and Stenflo 1995). Murtaza
and Shukla (1984) considered the transformation of UHW into electromagnetic
waves. This paper on parametric wave-wave interactions has been quoted by many
authors, and the results have been used for interpretation of observations in the
ionosphere and the magnetosphere. In the complementary paper by Saleem et al.
(1985), an additional decay channel for extraordinary-wave generation by pump
UHW in particular, including shear Alfvén waves, was considered.

These successful applications of UHW-electromagnetic wave interaction to the
particular problems of space physics lead us to consider once again a UHW de-
cay with the participation of KAW. Three-wave parametric interaction of UHW
with ordinary electromagnetic wave was studied by Yukhimuk et al. (1992) and
Yukhimuk and Yukhimuk (1994).

In the present paper we study the decay of an upper-hybrid (UH) pump wave
into a kinetic Alfvén wave (KAW) and an electromagnetic wave propagating in
perpendicular directions to the ambient magnetic field and a left-hand circular,
polarized electromagnetic wave. This problem has not been considered before.

A nonlinear dispersion relation for the electromagnetic waves that includes the
nonlinear current generated by the beating of the UHW and the KAW is obtained.
The electromagnetic wave field with the addition of the UH pump wave field gen-
erates a low-frequency force that leads to KAW growth.

A homogeneous magnetized plasma (By = Bye,) is considered. The UH pump
wave

E() = (E()we$ + E(,Zez) exp[i(—w()t + k()$$ + k()zz)] + c.c., (11)

with ko, < ko, propagates and decays into electromagnetic waves with frequencies
w; and wave vectors k; and a KAW with frequency w and wave vector k. It is
assumed that the following wave synchronism condition is satisfied:

wo = w twy, k():k+kj, (12)

where j = 1,2 (with ‘1" and ‘2" corresponding to the ordinary and the left-hand
polarized electromagnetic waves respectively). We assume that all wave vectors are
situated in the (z, z) plane.

2. Basic equations
For studying three-wave parametric interaction, we use two-fluid magnetohydro-
dynamics (MHD):

Ovy 1 T,

W = E(eaE + Fa) + (Va X (I)Ba) — Matie

Ve, (2.1)
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Ong
—_— . — . 2,2
%=~V - (nava), (22)

47 10E
Bzi'—i——i 2.
V x e (2.3)
10B

E=—— 2.4
V x pvre (2.4)
V -E = 4mp, (2.5)

where

J = e(nivi — neve),
p=e(n; —mne),
Fo = S (vo x B) — Ma (Ve - V)Va.
C

The index a = 4,e corresponds to ions and electrons respectively. The electron
density and velocity and the electric and magnetic fields are written in the forms

Ne = N + 7 + Tlea, (2.6a)
Ve = VotV +vy, (2.6Db)
E=E,+E; +E,, (2.6¢)
B = Bje. +B; + B, (2.6d)

where ny is the average value of the plasma density, 7y is the electron density
perturbation caused by the UH pump wave, indexes 0 and A in the expressions for
ve and E correspond to the UH pump wave and the KAW respectively. The index
J = 1,2 corresponds to the electromagnetic waves.

It should be mentioned that the electromagnetic radiation cannot produce a
density perturbation because we are studying the case of parallel and perpendicular
(respectively to the ambient magnetic field) propagation.

3. Generation of the ordinary electromagnetic wave

The source of radiation of the ordinary electromagnetic wave is the nonlinear cur-
rent produced as a result of resonant interaction of the UH pump wave with the
low-frequency KAW. The electromagnetic wave field with the addition of the UH
pump wave field generates a low-frequency force leading to KAW amplification. A
nonlinear dispersion relation for the KAW and a dispersion relation for the ordi-
nary electromagnetic wave will be obtained later. Using these relations, we shall
find a nonlinear dispersion relation describing three-wave interaction.

3.1. Nonlinear dispersion relation for KAW

To obtain the dispersion relation for the low-frequency perturbation, we use the
plasma approximation

fleg = A, (3.1)

where fie4 and 7i; 4 are the perturbations of electron and ion densities respectively.
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From the parallel component of the equation of motion (2.1) and the continuity
equation (2.2), we find the expression for .4 related to the KAW:

N 2\ -1
TleA Ubh e kry w1/ w F,

=(1- —lo—A+2 = _ F,+F, | +- , 3.2
g ( v%e> T, {90 k2 wpe e ZwBe Y iek, (3.2)

where

Me k.’ k.c
and ¢ and A, are the scalar and vector potentials of the KAW electric field re-
spectively. From the equation of motion and the continuity equation for ions, an
expression for the ion density is found:

T, 1/2
UTEZ() L oem= A=Al

;A € k2 wh, .
= —— e i I 3.3
un Tz 1+ joz ( ki, w? ( )
where
1/2
S VT T1
weit = v (2
WRi m;

Next we exclude the potential A, from the Ampére equation and the equation
of motion for electrons. Taking into account that the electrical current along the
magnetic field for a plasma with 3 < 1 is determined mostly by the electrons, we
obtain

TeA € 2 2 F, .

=— |lp—(1+k0;) A+ 34

n() Te SD ( T 8) Z-ekzi| ) ( )
where 6. = ¢/wp is the electron inertial length. Using (3.1) and the expressions
(3.2) and (3.4) for the perturbations of electron and ion density, we find the KAW
dispersion relation:

eap =Qnr, (3.5)
where
; oo L+ (1+1)pu;
_ 2 21,2 i
SR % ve Sl SN )
€A w VA l+/{e 5
T.

E2VEQ + ) [ kew w ke F,
=tz —Fy+ F, | + ——<2 |
@ne Ke ek2wpe <z WRe Y ek, (1 + Ke)

where the components of the ponderomotive force
e
Fry = _g(ve X By = Me(Ve - V)Uegy, (3.6)

are determined by the interaction of the UH pump wave with the ordinary electro-
magnetic wave, and Vy is the Alfvén speed. For 8 < m./m;, the effects produced
by the finite electron inertia length are dominant, but for m./m; < 8 < 1 finite-
Larmor-radius effects are more important. Therefore the finite-Larmor-radius ef-
fects are more important in the regions of the magnetosphere considered here.
Next we consider the ordinary electromagnetic wave propagating along the x
axis, for which the wave electric field is parallel to the z axis. Then the equation of
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motion for an electron in the field of the ordinary electromagnetic wave is given by

avlz eElz
=— , 3.7
ot Me (3.7)
from which we find vy,:
E.
v, = —i 2 (3.8)
MeWw)

From the equation of motion and the continuity equation we find the electron
velocity components and the electron density perturbation related to UH pump-
wave propagation:

_ wokozvT, .
Voz = —vr, —5——— Do, (3.9a)
0~ WBe
_ . wBek()mvTﬁ
Voy = —ivr, —; 5— Do, (3.9b)
0~ WBe
kozvr,
Voo = —vr, ——— Dy, (3.9¢)
Wo
- 2,9 2 2
Ty kv, k5. ot
:< it )P, (3.9d)
no Wy — Wy, Wy

where @y = ep,/T,. Using (3.8) and (3.9), the dispersion relation (3.5) can be written
in the form

€ap = papoly, (3.10)
where 114 is the coupling coefficient, given by
. € <VA>QW kozkos

Me w1 kg

c

2

E ko Wpe )

e —— .
ke kow wow

(1+ui)<1+/1

3.2. Dispersion relation for the ordinary electromagnetic wave

An ordinary electromagnetic wave propagating along the z axis with electric field
parallel to the z axis is considered. Excluding the magnetic field from the Maxwell’s
equations (2.3) and (2.4), we obtain the equation for the electric field of the ordinary
electromagnetic wave:

2
w
1By, = = Fy; + 4miwe(nu;) v, (3.11)
e
where g, = w} — kic® — wfw and
(nvz)NL = vl + Tigvos. (3.12)

The velocity components in the electric field of the UH pump wave are defined
by (3.9), and the velocity components in the field of the KAW are found from the
equation of motion and the continuity equation for the electrons:

Vy = vsus< w >(D, vy = WD, (3.13a,b)
WRBe
v, = —Va(l +Hm®, = (1 + o, (3.13¢.d)
No
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Te 1/2 .
Vs = <> ) Hs = kzps, Ps = - ) o= %
m; WhBi Te

From Maxwell’s equations (2.3) and (2.4), we find the relation between the poten-
tials ¢ and A,:

w c
A, = ———0.
FVaVa®
Using this relation, an expression for the KAW magnetic field perturbation is
found:
c T,
B, = —itk,——. 3.14
Yy ? VA e ( )
From (3.11)—(3.14), we find the dispersion relation for the ordinary electromagnetic
wave:
e1E1. = e’ (3.15)

where the coefficient p; is given by

2

e kzkoq 12 V,Z kog wi (1 n ko. wp )]

b = —t—wp Py
Me A VUTe ke wo koz Vawokos

3.3. Nonlinear dispersion relation
From (3.10) and (3.15), we find the nonlinear dispersion relation describing three-
wave interaction (decay of the UH pump wave into a KAW and an ordinary elec-
tromagnetic wave):
el = papileol. (3.16)

Assuming in (3.16) that

W= wp iy,

wp = wyy i’yla
(where || < wy,wy,) and decomposing €4 and g; into series in the small parameter

171, we obtain an expression for the instability growth rate:

_ patileol?
04 021 ’

Ow w1 =, w1=w,

(3.17)

where w, and wy, can be found from the equations
EA(wr,k) :07 81(&)],1{]) =0.
Substituting the values of the derivatives

Oe Oe
7A - 2(4}, ! - 2&)1
Oow

dun

and the coefficients p4 and p; into (3.17), we obtain

W 1/2 vpe [ w 1/2 Vo k 1/2 ‘ w2k 1/2
=+ “(— e (1= P22 =k, — 1+ 87k ko, —=
m ( 2 ) c (M) “r ( Ps U%e Wo 0o ko enett wow ko ’

(3.18)
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where
W — |E{)x|2 )
47T7’LOTe

4. Generation of the left-hand polarized electromagnetic wave

The source of radiation of the left-hand polarized electromagnetic wave is also the
nonlinear current produced by the resonant interaction of the UH pump wave with
the low-frequency KAW. But the coefficient in the nonlinear dispersion equation
for the three-wave interaction is different from the coefficient obtained previously
because of difference between the electron velocity components in the fields of the
left-hand polarized and ordinary electromagnetic waves.

4.1. Dispersion relation for the left-hand polarized electromagnelic wave

Excluding the magnetic field from Maxwell’s equations (2.3) and (2.4), we obtain
an equation for the electric field of the left-hand polarized electromagnetic wave:

2,0 v 8;
((%2 - 6_822) By — 4meny o = —4r JaI:L’ (4.1)

where the nonlinear current density is determined by the beating of the pump wave
and the KAW:

Jnp = —e(n'vy + figv”) . (4.2)
The frequency and wave vector of the left-hand polarized electromagnetic wave are
related by the expression

k3c? wp
2=l —r (4.3)
w3 wa (w2 + wpe)

The electron velocities and densities in the fields of the pump wave and the KAW
are given by (3.9) and (3.13).

Using (3.9) and (3.13), we obtain the dispersion relation for the left-hand polar-
ized electromagnetic wave from (4.1) and (4.2):

€9 Eay = oo™, (4.4)

where

5
_. ¢ c wWows2 2
H2 =1 — (V) ﬁkgﬂkt)w,
Me \VA/ Wy —Wp,

and we and kg are the frequency and wave vector of the left-hand polarized elec-
tromagnetic wave.

4.2. Dispersion relation for the KAW

The dispersion relation for the KAW was obtained in Sec. 3.1 and given by (3.5),

where the components of ponderomotive force F; , . are determined by the inter-

action of the UH pump wave with the left-hand polarized electromagnetic wave.
To find F} 4 -, it is necessary to know the electron velocity components in the field

of the left-hand polarized electromagnetic wave. The electron velocity components

in the field of the UH pump wave are known and are given by (3.9).
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For the left-hand polarized electromagnetic wave, the electric field is given by
E; = E (e, — iey),
and the electron velocity in the wave field is given by the expression

) eE;
Vg = —j—————. (4.5)
Me(ws + wpe)
From (3.2), (3.3), (3.9) and (4.5), we find the nonlinear dispersion relation for the
KAW:
e3¢ = 3oy, (4.6)

where the coupling coefficient is given by

Va\ kos w2, k2 [k o Kow ko \ 2
Ng__@-e(A) Owkm{H b gz[z_"Z“(l_ 2 ) H (4.7)
Me c ky wo Wow2 k()m kow 1+ ke kg ko2

4.3. Nonlinear dispersion relation

From (4.4) and (4.6), we find the nonlinear dispersion relation describing three-wave
interaction (decay of the UH pump wave into a KAW and a left-hand polarized
electromagnetic wave):

€265 = piapis ol (4.8)
Assuming in (4.8) that
W= Wy iy,
W2 = way t+ Z")Q,

(where |72| <€ wy,ws,), we obtain an expression for the instability growth rate:

_ peps ool
EEE: ’
Ow Ows

(4.9)

W=Wr ,W2=Wap
where w, and wy, can be found from the equations
&2(wr, k) =0, £3(war, ko) = 0.
Substituting the values of the coefficients s and p3 and the derivatives ey /0w
and Oejz/0w, into (4.9), we obtain
9n L 1/2

wl/2 w2, k2 ko Ke ko k22 \"
= Eox ) 1+ 202 =2 _“F(]- = +.10
Y2 5 oz dwpe{ wows k2, [ kox 1+ Ke Ky ! )

where Ag = vre/wpe.

5. Modified parametric decay including KAW

The results of the previous sections are not applicable if the nonlinear increment
vnr is greater than KAW frequency. In this case, we consider a modified parametric
decay, where the frequency w of low-frequency wave is determined mainly by the
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nonlinear term w > wy:
wp = KA 3P0ET 5,
(lez - wiz,Qk)El,Q = p12009"

Using the resonant condition wy » = wy — w and assuming |w 2 — wy 2k | < w2k, We
get a nonlinear dispersion relation for modified instability:

WP = —2wrYN L (5.1)
where
11,214 5] 00
2 ) 3
N = ——————. 5.2
YNL WA (5.2)
Equation (5.1) has the unstable solution
1+ z\ﬁ ; 1/3 -
= (2wevir) (5.3)
and therefore the growth rate of the modified parametric decay
- \/g Wi 1/3 -
de - 22/3 YNL fYNL- (O. )

6. Application and discussion

The results obtained above are applicable to the explanation of phenomena observed
in space plasmas. First let us consider magnetospheric wave phenomena. Satellite
observations show the presence of electromagnetic waves with frequency about
the upper-hybrid resonance frequency in the Earth’s magnetosphere (Gurnett and
Shaw 1973, Kurth et al. 1979). Taking into account the presence of UHW in the
region of electromagnetic emission generation, we have good reason to assume that
UHW are the source of this emission. To estimate the growth rate and characteristic
time of the electromagnetic emission, we use the data cited by Decreau et al. (1982);
according to these data, the typical values of magnetosphere plasma parameters
on the GEOS-1 orbit are ng = 10em™>, T, ~ T; ~ 1 eV, Ey, ~ 1 mV m~! and
W~ 1075

First we estimate the instability growth rate and characteristic time for the
case of an UH pump wave decay into an ordinary electromagnetic wave and a
KAW. With vr, /e ~ 1073, w/w; ~ 1074, wpe ~ 1.7 x 10° 571, Va/ug, &~ 0.2 and
ps =~ 10° ¢m, the instability growth rate, given by (3.18), attains its maximum value
v ~ 0.3 57! at k, /kor & —10. The minus sign here indicates that the excited KAW
propagates in the direction opposite to that of the pump wave. The characteristic
time of instability development 7, ~ 3 s. The generation of KAW and X-mode
radiation in the perpendicular direction was considered by Saleem et al. (1985),
and the increment was found to be of the order of Q.. Since the perpendicular O-
mode increment is of the order of wy,., for wave vectors of the same order, generation
of the perpendicular O-mode is wp./Q, times more effective than generation of the
perpendicular X mode. On the other hand, the increment of the perpendicular X
mode is an increasing function of wavelength, and, at a sufficiently long wavelength,
may overcome the increment of the perpendicular O-mode.

However, the perpendicular wavelength is restricted by the perpendicular inho-
mogeneity scale, which may be very short in a space plasma. Then, the generation
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of the perpendicular X mode is sensitive to perpendicular inhomogenety, whereas
excitation of the perpendicular O mode is most efficient at fixed A, = 0.1);, that
is )\'r ~ )\()x~

The instability threshold may be found from vy > (vFy%)'/%, where v = —0.5v,;
is the collisional damping of the electromagnetic wave and

71')1/2 Va i

L = — — e —
TK u}(8 vre L+ (1 + 1)

is the Landau damping of the KAW:; collisional damping has been neglected for the
high-frequency KAW (Hasegawa and Chen 1976). This condition is easily satisfied,
because in the region of interest of the magnetosphere v& ~ 1072 s~! and the
Landau damping of KAW ~v£ ~ 107! s=!. The decay threshold is

1/2

_oMeC Wy (W [ | M|

E,=2 —YKEMN ~lmVm .
(& wpe wo

Now, for the same UHW parameters, we estimate the instability growth rate and
characteristic time for the case of UH pump-wave decay into a left-hand polarized
electromagnetic wave and a KAW. By setting k3, A3 ~ 0.1 and ko, /kos ~ 1077
in (4.10), we obtain the maximum value of the growth rate v» ~ 50 s™! and the
characteristic time of instability evolution 7, = 0.02 s. As we can see, y2 > w, which
contradicts our original assumption that 7 < w. Estimation of the increment of
modified decay in this case gives v,q = 32 s

The estimates mentioned above show that as a result of three-wave parametric
interaction, generation of the left-hand polarized electromagnetic wave is much
faster than that of the ordinary electromagnetic wave. We note the agreement of
our results with the conclusions of Murtaza and Shukla (1984), where UHW decay
into a left-hand polarized electromagnetic wave and a lower-hybrid wave.

The nonlinear three-wave parametric interaction studied in this paper could take
place in the Earth’s atmosphere during heating experiments (Stubbe et al. 1984,
1994), where secondary electromagnetic emission was observed. This secondary
emission appeared and could be observed several milliseconds after heating of the
ionosphere by a powerful electromagnetic wave. One can suggest that the following
cascade process takes place: UHW are generated by powerful radioemission, and
while scattering on fluctuations (KAW, lower-hybrid waves and ion acoustic waves),
generate electromagnetic emission at frequencies close to the UH frequency.

The proposed electromagnetic emission mechanism could be responsible for the
s-radioemission of Jupiter. According to observations, Jovian s-radioemission has
frequencies lower than 39.5 MHz, and its power rapidly decreases on approaching
the frequency 39.5 MHz (Korr and Desh 1979; Rjabov and Gerasimova 1990). So
the upper cut-off frequency of the Jovian s-radioemission spectrum could be in-
terpreted according to the proposed mechanism as the UH resonance frequency
Wﬁ, = wf)e + wZBe.

Nonlinear mechanism of electromagnetic emission can also work in the solar
corona during powerful bursts. Type 111 radiobursts are the most interesting from
a theoretical point of view. They are observed in a wide frequency range, varying
from tenths of kilohertz (satellite observations) up to hundreds of megahertz while
the emission source is moving from the Sun to the Earth. The source is beams of
particles accelerated during the bursts and propagating from the Sun. UHW gener-
ated by high-energy particle beams and scattering on KAW (and on lower-hybrid
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and ion acoustic waves) will generate electromagnetic emission with frequencies
close to the UH resonance frequency.

Thus there are several possible manifestations of the considered phenomenon of
UHW transformation into electromagnetic emission in space plasmas, namely in
the ionosphere, in the magnetosphere, in the lo—Jupiter magnetic tube and in the
solar corona.
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